Mouse pancreatic development is critically dependent on epithelial -mesenchymal interactions. The pancreas differs from other epithelial -mesenchymal organs in that the epithelium gives rise to both epithelial exocrine cells and non-epithelial endocrine cells. We studied the nature of the interactions between the epithelium and mesenchyme with respect to the decision between exocrine and endocrine lineages. We show here a tripartite influence of mesenchyme on the developing epithelium. First, close proximity or contact of mesenchyme with the epithelium induces exocrine differentiation. Second, this mesenchymal proximity to the epithelium suppresses endocrine differentiation. Third, mesenchyme has an overall enhancing effect on the degree of insulin differentiation, suggesting a pro-endocrine effect in those epithelial cells at a distance from the mesenchyme.
Introduction
The embryonic mouse dorsal pancreatic epithelium originates as an evagination of the duodenum at the 25-somite stage under the influence of surrounding mesenchyme (Pictet and Rutter, 1972; Slack, 1995) . Under the ongoing direction of mesenchyme, the initial evaginated bud then undergoes rapid branching morphogenesis with demargination of epithelial cells. These demarginated cells will give rise to endocrine cells, eventually forming the islets of Langerhans, and the retained epithelium will give rise to the ductal and acinar cells of the exocrine pancreas (Bonner-Weir et al., 1993; Edlund, 1999) . The surrounding mesenchyme seems to be important in guiding these exocrine and endocrine differentiation events (Gittes et al., 1996; Levine et al., 1973; Miralles et al., 1999b; Ronzio and Rutter, 1973; Rutter, 1980; Rutter et al., 1978) . While many other organs are also dependent on normal epithelial -mesenchymal interactions for their proper development, the interactions in the pancreas may be more complex in that both exocrine (epithelial) and endocrine (non-epithelial) cells arise from the early epithelium (Ahlgren et al., 1996; Apelqvist et al., 1999; Aufderheide et al., 1987; Ferretti et al., 1996; Kono et al., 1991) .
Early studies showed that pancreatic mesenchyme seems to be permissive for pancreatic development (Pictet and Rutter, 1972) . Pancreatic epithelium in the presence of its mesenchyme in vitro can grow and differentiate fully into endocrine and exocrine components. Isolated pancreatic epithelium in vitro, grown completely without mesenchyme, does not grow well and differentiates poorly into endocrine cells, and not at all into acinar cells (Gittes et al., 1996) . This lack of acinar differentiation in the absence of mesenchyme therefore indicates a specific role for mesenchyme in acinar differentiation (Miralles et al., 1998) . Furthermore, by recombining epithelia with older or younger gestational pancreatic mesenchyme, the differentiation pattern of the epithelium was found to be either less or more mature, indicating an instructive role for mesenchyme .
Based on these earlier findings, we investigated the possible spatial effects of mesenchyme on either exocrine or endocrine cells in an in vitro system. Here, we show, using three different culture systems, that mesenchyme in proximity to epithelial cells not only induces amylasepositive acinar differentiation, but also suppresses insulinpositive endocrine differentiation. At a distance from the mesenchyme, however, insulin-positive differentiation was enhanced. Thus, we find three separate roles for mesenchyme: proximate acinar induction, proximate endocrine suppression, and distant endocrine induction. Furthermore, an embryonic fibroblast cell line (NIH3T3) could replace all three of these inductive/suppressive effects of pancreatic mesenchyme on epithelial differentiation. Inhibition of mesenchymal laminin expression in the epithelium-3T3 cell culture blocked exocrine differentiation, but permitted endocrine differentiation.
Materials and methods

Pancreas dissection
Overnight matings were performed between male and female CD1 mice. A vaginal plug was indicative of pregnancy and noon of that day was treated as 0.5 days of gestation. Embryonic pancreas and isolated epithelium were harvested on day 11.5 of gestation and dissected as described previously (Gittes et al., 1996) . Epithelium was isolated from whole pancreas by mechanically removing the mesenchyme under a dissecting microscope so that individual residual mesenchymal cells could be visualized and removed with precision.
Collagen gel culture conditions
Epithelia, with or without mesenchyme, were transferred into a collagen I gel (Vitrogen, Cohesion Technologies Inc., Palo Alto, CA) using sterile 'slick' pipette tips (Fisher Scientific, Pittsburgh, PA). All further manipulation of tissues in vitro, such as positioning epithelium and mesenchyme was done under direct microscopic examination. Tissues were grown in 175 Al of collagen I gel solidified on 0.4 Am filter inserts (Millipore, Bedford, MA). The inserts were placed in standard 24-well plates with 450 Al of l of RPMI medium with 10% fetal calf serum and incubated in cell culture chamber for 7 days.
Epithelium-NIH3T3 co-culture
For epithelium co-culture with an NIH3T3 cell suspension in collagen I gel, sub-confluent (80 -90%) NIH3T3 cells were grown in a P100 culture flask (Corning Incorporated, Corning, NY). Cells were dislodged by treating with 0.1% trypsin for 3 -5 min at 37jC, and then three volumes of serum media were added to block trypsin activity. Cells were then pelleted by centrifugation at 1000 rpm for 5 min. After the epithelium was appropriately positioned in a collagen I gel, 50 Al of the NIH3T3 cell suspension was placed adjacent to the epithelium on top of a Millipore insert. The culture was maintained in DMEM/F-12K and 10% FBS at 37jC for 6 days before being harvested for immunohistochemical analysis.
Transfilter experiment
For the transfilter experiments, isolated pancreatic epithelium was placed into a collagen gel filter insert, and then the insert was placed into a 24-well plate with 300 Al of DMEM medium with 10% fetal calf serum, as described above. The surrounding well contained 12 isolated mesenchymes, which leads to a confluent layer on the plastic, and thus maximal concentrations of soluble factors from the mesenchyme. This transfilter systems yields a distance of approximately 500 -800 A between the epithelium and the mesenchyme.
Single cell culture
Single cells derived from epithelium, mesenchyme, or whole pancreas (epithelium and mesenchyme intact) were prepared by treating tissues with 0.05% trypsin and 0.01% EDTA at 37jC for 3 min for epithelium or mesenchyme, and 5 min for whole pancreas. To stop the reaction, five volumes of serum media were added. Cell dispersion was completed by pipetting up and down until individual cells were dissociated, and no clumps could be detected. Cells were then counted with a hemacytometer. Typically, in a single well of a 96-well plate, we used single cells derived from one whole pancreas and two mesenchymes, corresponding to an approximate overall ratio of epithelium/mesenchyme of 1:10. When mesenchymal cells were replaced with fibroblastic NIH3T3 cells, the same approximate ratio of 1:10 epithelial to NIH3T3 cells was maintained. This ratio was used to give a high likelihood of contact between epithelial cells and mesenchymal cells. Cells were cultured in DMEM/F-12K medium with 20% FBS.
Reverse transcriptase (RT) PCR analyses
Total RNA was extracted from cultured cells and tissues using the RNeasy kit (Qiagen, Valencia, CA). First-strand cDNA was prepared from RNA using 1 AM oligo dT primer, 0.5 mM each dNTP, 10 units of RNase inhibitor and 1 Al Sensiscript reverse transcriptase (Qiagen) in a 20-Al reaction. The PCR primers were designed in such a way that a longer PCR product could be polymerized from genomic DNA versus expressed RNA. The primers for insulin are: sense 5V-CAG CCC TTA GTG ACC AGC TA-3V, antisense 5V-ATG CTG GTG CAG CAC TGA TC-3V that give rise to a 350-bp PCR fragment derived from expressed RNA and a 467-bp PCR fragment derived from genomic DNA. The primers for amylase are: Sense 5V-GGA CCA CCC AAT AAC AAT GG-3V, antisense 5V-TGA ATC CTC TGT TTC CTC TGC-3V that give rise to a 205-bp PCR fragment derived from expressed amylase RNA whereas the 305-bp PCR fragment is derived from genomic DNA. Primers for Pdx-1: forward, 5V-TGAAATCCACCAAAG-CTCACGCGT-3, reverse, 5V-AGAATTCCTTCTCCAGC-TCCAGCA-3V; Primers for HNF-3h: forward, 5V-GGGCTCCATGAACATGTCATCCTA-3V, reverse, 5V-TCATCGAGTTCATGTTGGCGTAGG-3V: Primers for Neurogenin-3 (NGN3): forward, 5V-CACGAAGTGCT-C A G T T C C A AT T C C -3 V, r e v e r s e , 5 V-G A G T T-GAGGTTGTGCATGCGATTG-3V; Primers for Pax-6:; Primers for Hes-1: forward, 5V-GCCTCTGAGCACA-GAAAGTCATCA-3V, reverse, 5V-TTGGAATGCCGG-GAGCTATCTTTC-3V. For internal control, RT-PCR for hactin was performed. Thirty cycles of PCR were performed for each.
Immunohistochemistry
Cultured tissues were fixed at 4jC in 4% formalin in PBS for 2 h, followed by 70% ethanol for 15 min, then cryoprotected overnight in 30% sucrose. Tissues were embedded in Tissue Freezing Medium (Triangle Biomedical Science, Durham, NC) and frozen in liquid nitrogen. Consecutive sections of 8 Am were cut. Sections were permeabilized with 0.5% Tween-20 in PBS for 10 min and washed with PBS for 5 min followed by blocking with 4% normal donkey serum at 4jC for an hour. Sections were washed again with 0.5% Tween-20 in PBS for 10 min and PBS for 5 min and incubated overnight at 4jC with primary antibodies. In the case of staining with Dolichos biflorus agglutinin (DBA), sections were incubated with fluorescein-conjugated DBA (50 Ag/ml, Vector Laboratories, Burlingame, CA) for 60 min at 37jC. For other than DBA, the sections were then washed with 0.5% Tween-20 in PBS for 10 min and PBS for 5 min followed by incubation with the appropriate fluorescent secondary antibodies for 1 h at room temperature. Finally, the sections were washed extensively (three times for 10 min each) with PBS and mounted. The sections were examined and photographed. Single-labeled sections incubated with mismatched secondary antibodies were examined to confirm the specificity of the staining.
The antisera used in this study were at the following dilutions: polyclonal amylase antibody (rabbit, 1:500, Sig-ma, St. Louis, MO), monoclonal glucagon antibody (mouse, 1:500, Sigma), polyclonal insulin antibody (sheep, 1:500, Binding Site, UK), polyclonal vimentin antibody (goat, 1:200, Santa Cruz, Santa Cruz, CA) and polyclonal Ecadherin antibody (rabbit, 1:50, Santa Cruz). All antibodies were confirmed to react with mouse. The fluorescent secondary antibodies were all from Jackson ImmunoResearch Laboratories, Inc. (1:200, West Grove, PA): fluorescein antimouse antibody, fluorescein anti-rabbit antibody, Texas red anti-sheep antibody, and Texas red anti-goat antibody.
Quantitative analysis
To determine the number of insulin or amylase-positive cells per pancreatic epithelium, serial 8-Am sections were cut and collected on Fisherbrand Superfrost/Plus (Fisher Scientific) glass slides. Every other section was analyzed by immunohistochemistry and quantified for total amylase or insulin-positive area using Image-Pro Plus (Media Cybernetics, Silver Spring, MD).
Morpholino antisense inhibition
Pancreatic epithelium and NIH3T3 cell co-cultures were set up as mentioned above. Forty-micromolar morpholinos (Gene Tools, LLC) of Laminin-1 antisense: 5V-CGCATG-TTGTCGCCGCCGCTCCCTG-3V; sense: 5V-CAGG-GAGCGGCGGCGACAACATGCG-3V; or scramble: 5V-CCTCTTACCTCAGTTACAATTTATA-3V were included in the 10% serum medium. Culture medium was changed every other day and after culturing for 9 days, tissues were fixed in 4% paraformaldehyde, frozen sectioned and subjected to immunohistochemistry.
Results
Epithelial differentiation in culture
The early embryonic pancreas (day 11) consists of an inner epithelium and an outer mesenchyme ( Fig. 1A ). In the presence of mesenchyme, the epithelium can grow well in a collagen I gel (Figs. 1B -D). After several days of in vitro growth, endocrine cells are typically localized to the central region of the pancreas, away from the outer mesenchymal mantle (Fig. 1C ). However, amylase-positive cells are typically localized to the outer portion of the epithelium, where epithelial -mesenchymal interactions may be more likely to occur ( Fig. 1D ). Unlike whole pancreas or isolated pancreatic epithelium recombined with its mesenchyme, when epithelium alone ( Fig. 1E ) is cultured for 7 days, it does not grow well ( Fig. 1F ). Under this growth condition, epithelium can only differentiate into endocrine cells as evidenced by a few insulin-positive cells (Fig. 1G ). We previously found no evidence of insulin differentiation in these conditions (Gittes et al., 1996) , but improved anti-bodies and culture conditions now allow detection of lowlevel insulin expression here. In the absence of mesenchyme, these explants completely fail to differentiate into amylase-positive exocrine cells ( Fig. 1H ). Thus, we wished to investigate the nature of mesenchymal influences on endocrine and exocrine lineage selection in the developing pancreas.
Spatial pattern of endocrine, exocrine, and mesenchymal cells
To begin to understand mechanisms of mesenchymal determination of exocrine and endocrine lineage selection in the developing pancreas, we studied closely the spatial distribution of differentiating cells within the pancreas. Vimentin was used as a mesenchymal marker to determine the location of mesenchyme with respect to either insulin or amylase-positive cells. In vivo, the developing pancreatic epithelium and mesenchyme intermingle extensively after days 11 to 12 of gestation, but in vitro the mesenchymal intermingling is limited mainly to the outer portion of the epithelium, which then branches and forms exocrine cells. Here, vimentin-positive mesenchymal cells appear to be surrounding the amylase-positive acini in the periphery (Fig. 1I ), but appear more sparse in the region of the central insulin-positive cells (Fig. 1J) . These results suggest that in the developing pancreas, the mesenchymal effect on nearby cells is to induce exocrine differentiation. In addition, since it appeared that amylase-positive epithelial cells were always in proximity to vimentin-positive mesenchymal cells, mesenchymal contact or proximity may be necessary for exocrine differentiation, as suggested by earlier studies (Gittes et al., 1996; Rose et al., 1999) . Also, a lack of contact with mesenchyme appeared to be permissive for endocrine differentiation.
Transfilter effect of mesenchyme on developing epithelium
To further characterize the effect of pancreatic mesenchyme on epithelial growth and development, a transfilter culture system was established wherein epithelium devoid of mesenchyme was grown in a collagen I gel filter system, and mesenchymes were grown in proximity on the opposite side of the filter. Here, the epithelium did not grow well through the 7 days in culture. To determine if the lack of mesenchymal effect was due to a low relative concentration of mesenchymal factor(s), rather than absence of proximity or contact, we increased the number of mesenchymal explants up to 12-fold, but still found no effect of mesenchyme on epithelial growth and exocrine differentiation. In this culture system however, insulin-positive cells could be detected ( Fig. 2A ), but no amylase-positive cells could be detected (Fig. 2B ) by immunohistochemistry. Thus, acinar differentiation under these transfilter culture conditions was essentially the same as epithelial cultures completely devoid of mesenchymal influences (Fig. 1H ). Endocrine differentiation, however, showed a significant transfilter mesenchymal enhancement of insulin-positive differentiation compared to epithelium alone (see Figs. 2A and 1G and quantitative analysis in Figs. 2C and 2D) , indicating that a diffusible mesenchymal factor might be enhancing endocrine differentiation from a distance (i.e., not near or in contact).
Contact-induced endocrine inhibition by mesenchyme
To determine the proximity/contact-specific effect of mesenchyme on epithelial cells, we developed a dispersed However, epithelium devoid of mesenchyme (E) does not grow well (F) and differentiates with only a few insulin-positive cells (G) and no amylasepositive cells (H). Furthermore, isolated epithelium and mesenchyme from E11 pancreas were recombined and cultured for 5 days, and then analyzed by immunohistochemistry for both amylase (red) and vimentin (green) (I) or insulin (red) and vimentin (green) (J). Here, the amylase-positive acini are generally surrounded by vimentin-positive mesenchyme (I), but the central insulin-positive cells have less vimentin-positive mesenchymal cells in proximity (J). These experiments have been repeated more than five times each. Scale bar indicates 100 Am. single cell culture system for embryonic pancreas. To increase the likelihood that each epithelial cell would be in proximity to a mesenchymal cell, we determined the number of epithelial and mesenchymal cells in an E11 pancreas. By dissociating isolated epithelium or mesenchyme with trypsin and EDTA, we counted approximately 10,000 epithelial cells and 35,000 mesenchymal cells in a typical E11 pancreas. In our dispersed single cell culture system, we then added mesenchymal cells to yield a ratio of mesenchymal to epithelial cells of 10:1. After 6 days of culture, immunostaining and RT-PCR analysis were performed to determine the expression of pancreas-specific genes (Fig. 3) . Epithelial cells grown with little or no mesenchyme expressed the insulin gene (Figs. 3E and 4A lane ''epi'') . Significantly, dispersed epithelial cells cocultured with mesenchymal cells (at a 10:1 ratio of mesenchymal cells to epithelial cells) did not express detectable insulin or insulin mRNA, even by RT-PCR (Figs. 3H and 4A, lane ''wpsc'', whole pancreas single cell). No amylase gene expression could be detected in epithelium alone cultures (Figs. 3F and 4A, lane ''epi''), but amylase expression was present when the epithelium was co-cultured with dispersed mesenchymal cells (again at a 10:1 ratio) (Figs. 3I and 4A, lanes ''wpsc''). These results suggest that pancreatic epithelial proximity or contact with mesenchyme actively inhibits insulin gene expression and induces amylase expression, supporting the interpretations above regarding the spatial distribution of exocrine and endocrine cells amid the mesenchyme in vivo. At this stage, we then performed an RT-PCR screen of pancreatic transcription factors (Fig.  4B ). HNF-3h was positive under all conditions tested. A faint pdx-1 mRNA band was detectable when epithelium was grown with little or no mesenchymal cells, but not when significant mesenchymal cells were present, possibly corresponding to the presence and absence of h-cells, respectively. However, neurogenin-3 mRNA was undetectable when epithelium was grown with little or no mesenchymal cells, but was present when epithelium was grown with 10:1 pancreatic mesenchymal cells. Neurogenin3 mRNA was absent when the epithelium was grown with 3T3 cells (see below). Hes-1, a transcription factor expressed during early exocrine differentiation, was significantly expressed, even in the absence of mesenchyme, but here the amylase expression was largely negative (Fig. 3F ). Although we could not rule out the possibility that the absence of insulin transcription in the presence of dispersed mesenchymal cells was due to the inability of endocrine precursors to survive or proliferate under those conditions, we believe that the absence of insulin resulted from mesenchymal contact inhibition, since insulin transcript was easily detected in dispersed epithelium alone (Fig. 4A, lane  1) under the same culture condition, and neurogenin-3 transcript was detected in the presence of mesenchyme. These results imply that the contact/proximity induced endocrine suppression by mesenchyme overrides the endocrine-enhancing effect of mesenchyme at a distance, since no insulin-positive differentiation was seen in the presence of proximate mesenchymal cells, whereas insulin was enhanced when mesenchyme was presented across a filter (Fig. 2) .
Replacement of mesenchymal effect by NIH3T3 cells
Dispersed cell cultures
The mesenchymal proximity/contact-induced amylase expression and insulin inhibition raised the question of whether these effects were specific to pancreatic mesenchyme or instead could be replaced by other cell types. We substituted mesenchymal cells with NIH3T3 cells in the dispersed cell co-culture system. NIH3T3 cells cocultured with dispersed embryonic pancreatic epithelial cells at a 10:1 ratio completely suppressed insulin gene expression (Fig. 4A, lane epi + 3T3 ). In addition, amylase expression was induced by the NIH3T3 cells (Fig. 4A , lane epi + 3T3). Therefore, our results provide evidence that NIH3T3 cells can at least partially replace the ability of mesenchyme to induce amylase-positive differentiation and suppress insulin-positive differentiation in nearby cells. Isolated pancreatic epithelium devoid of mesenchyme was grown in a collagen I gel with mesenchyme grown on the opposite side of the filter. To analyze the endocrine and exocrine differentiation induced by mesenchyme-derived diffusible factor(s), immunohistochemistry was performed for insulin (A, red) and amylase (B, green). The acinar differentiation is minimal, similar to that seen for isolated epithelium, but insulin differentiation appears to be enhanced over control (compared with Fig.  1G ). (C) and (D) are a quantitative analysis of the total insulin-positive area and of the total percentage insulin-positive area in (A) compared to (1G), respectively: Epi, epithelium alone; Epi-Mes, epithelium cultured with mesenchyme presented across the filter. Mesenchyme was added up to 12fold with no additional effect. In (C), the Y-axis numbers indicate fold change as compared to a basic unit number of pixels. This set of experiments has been performed four times. Scale bar in (A) and (B) indicates 100 Am.
Three-dimensional organoid culture
To determine whether NIH3T3 cells could replace the mesenchymal effect in a three-dimensional organ, we cultured isolated embryonic pancreatic epithelium suspended in a collagen gel, and then aggregated the epithelium with NIH3T3 cells to create an epithelial -mesenchymal organoid. NIH3T3 cells markedly improved the overall growth of the epithelium, as compared to epithelium grown alone ( Figs. 5A and B) . Immunohistochemistry showed amylasepositive cells only on the periphery of the epithelium where interaction occurs with the surrounding 3T3 cells (Fig. 5C) , and no amylase-positive cells when the epithelium was grown alone (Fig. 5D ). In addition, the amount of insulinpositive cells was also enhanced by NIH3T3 cells (Fig. 5E  vs. Fig. 5F ). To confirm that this cell line/organoid mimicked the architecture of the intact pancreas, we immunostained cultured epithelium alone or in the presence of NIH3T3 with the mesenchymal marker vimentin. As predicted, no vimentin staining could be detected in epithelium alone cultures (Fig. 5G ). However, when epithelium was grown in the presence of NIH3T3 cells, a rim of vimentinpositive NIH3T3 cells, present on the periphery of the epithelium, could easily be detected (Fig. 5H) , reminiscent of the orientation of the normal in vitro-grown embryonic pancreas (Fig. 2) . Fig. 4 . Contact or proximity-induced amylase induction and insulin inhibition by mesenchyme or a derivative cell line, NIH3T3 cells. Simple (non-quantitative) RT-PCR analysis was performed on dispersed, cocultured embryonic pancreatic epithelial and/or mesenchymal/3T3 cells for 6 days. Dispersed epithelium without mesenchyme did express insulin mRNA, but not amylase (A, lane ''epi''). When dispersed epithelium and mesenchyme were co-cultured at a ratio of 1:10, insulin expression was inhibited (A, lane ''wpsc'', or Whole Pancreas Single Cell Culture) but amylase expression was present. A mesenchymal cell line, NIH3T3, when co-cultured with epithelial single cells (instead of dispersed pancreatic mesenchyme) also at 1:10 ratio, also inhibited insulin expression (A, lane ''epi + 3T3'') and induced amylase expression (A, lane ''epi + 3T3''). PCR primers were designed in such a way that the PCR-product spans an intron to detect genomic DNA contaminations. (B) RT-PCR analysis of pancreatic transcription factors during dispersed epithelial cell cultures in the presence of (I) minimal mesenchymal (<5%) or (II) 10:1 mesenchyme, or (III) 10:1 3T3 cells. This experiment has been performed three times.
Quantitative image-analysis of immunohistochemistry (Fig. 6) confirmed that three-dimensional gel cultures of epithelium in the absence of mesenchyme or NIH3T3 cells did not undergo amylase-positive exocrine differentiation (Fig. 6B ). In the presence of NIH3T3 cells, amylase-positive differentiation was induced, though only to less than half the level reached in the presence of pancreatic mesenchyme. Interestingly, quantitative analysis of the total insulin-positive area indicates that NIH3T3 cells induced a significantly higher insulin-positive area when compared to epithelium alone, or even when compared to epithelium grown in the presence of pancreatic mesenchyme (Fig. 6C ).
Induction of ductal structures by mesenchymal derivatives
The pancreatic exocrine system consists of both acinar and ductal cells. To further study the role of NIH3T3 cells in exocrine differentiation, we wished to determine the ability of 3T3 cells to induce or permit duct formation. We utilized a fluorescein-Dolichos biflorus agglutinin (DBA) to detect ductal cells in embryonic pancreas. This lectin was previously used to detect endoderm-originated cells in other organs, and recently, we found that it is useful to detect early ductal cells in the embryonic pancreas (Kobayashi et al., 2002a,b; Qiao et al., 1999; Sakurai et al., 1997) . Other ductal markers currently available are for mature/adult type ducts, and are not reliable in the developing embryonic pancreas. Epithelium alone, in the absence of mesenchyme, failed to develop ductal cells or structures (Figs. 7A and D) . However, duct-like structures were seen in the presence of NIH3T3 cells (Figs. 7B and E) or mesenchyme (Figs. 7C and F) . Taken together, our results indicate that NIH3T3 cells may be able to replace the function of pancreatic mesenchyme for all exocrine (ducts + acini) differentiation.
Laminin mediates the pro-exocrine induction of mesenchymal cells
Located between the epithelium and the mesenchyme, basement membrane plays an important role in the development of many organs through the mediation of epithelial -mesenchymal interactions (Edlund, 2001; Gittes et al., 1996; Kono et al., 1991; Maldonado et al., 2000a; Pictet and Rutter, 1972; Riso, 1983; Rutter et al., 1978) . Previously, we showed that laminin-1, largely found in the basement membrane, is differentially expressed during pancreas organogenesis and takes part in the regulation of epithelial differentiation (Crisera et al., 2000) . Therefore, we sought to study the function of laminin-1 in the Fig. 5 . Replacement of mesenchymal effect by NIH3T3 cells. To further investigate whether an embryonic fibroblastic cell line NIH3T3 could functionally replace pancreatic mesenchymal cells, pancreatic epithelium suspended in a collagen I gel was co-cultured with NIH3T3 cells in an organoid system. The organoids grew well as compared to epithelium grown without NIH3T3 cells (A and B, pictured in culture on a filter). Immunohistochemistry revealed that amylase-positive cells were concentrated at the periphery of the epithelium, closer to the NIH3T3 cells (C) whereas amylase cells were absent in the absence of NIH3T3 cells (D). In addition, an increase in insulin-positive cells was seen in the presence of NIH3T3 cells as compared to controls (F), though at a distance from the NIH3T3 cells. Immunohistochemistry showed that isolated epithelium was indeed free of mesenchyme, as no vimentin-positive staining was detected (G). However, when epithelium was grown with NIH3T3 cells, a rim of vimentin-positive NIH3T3 cells was detected around the epithelium (H). (Image here was selected with abundant vimentin for clarity. In most cultures, the vimentin-positive rim was smaller.) These experiments have been repeated five times. Scale bar indicates 100 Am.
regulation of pancreatic epithelial differentiation in our simplified 3T3-epithelium culture system. Inhibition of laminin expression by the addition of 40 AM laminin-1 antisense morpholinos abolished the differentiation of epithelium into amylase-positive exocrine cells (Fig. 8) , with little effect on insulin-or glucagon-positive endocrine differentiation, although the 3T3 cells appeared to be normal and in contact with the epithelium (Fig. 8V) . We have previously shown through Western blotting that under the same conditions, this dose of the identical laminin-a1 chain morpholino antisense markedly diminishes the level of laminin-1 protein in mesenchymal/3T3 cells (Kobayashi et al., 2002a,b) . Thus, laminin-1 specifically mediates pancreatic exocrine differentiation, while mesenchymal However, amylase-positive induction was easily detected when epithelium was grown in the presence of NIH3T3 cells. This amount of differentiation was still less than half of the amount of differentiation seen when the epithelium was grown with pancreatic mesenchyme, though in relation to total area, the percentages positive are similar (D). (C) Insulin-positive differentiation of the pancreatic epithelium grown alone was present, though at a relatively low level. The level increased significantly in the presence of pancreatic mesenchyme, but even more so in the presence of NIH3T3 cells. (D) Percentage of total pancreatic area for insulin-positive (red) or amylase-positive (green) areas. In (A -C), the Y-axis indicates units of pixel-positive area. In (D), the Y-axis indicates percentage of total area positive for insulin or amylase as measured by Imagepro Plus program (Media Cybernetics) n = 6 for each group (6 pancreases, each serially sectioned), standard deviations are indicated by bars; epi: epithelium; epi + 3T3: epithelium with 3T3 cell aggregate; wp: whole pancreas (epithelium with recombined pancreatic mesenchyme). P < 0.05 between all groups. Fig. 7 . Induction of ductal structures by NIH3T3 cells. E11 pancreatic epithelium alone (A, D), with NIH3T3 (B, E) or with mesenchyme (C, F) were grown for 8 days (a longer period than the previous 6 days to allow duct formation). H&E (A -C) and staining with fluoresceinated Dolichos biflorus agglutinin (D -F). Epithelium devoid of mesenchyme failed to develop any ductal structures (A, D). However, epithelium in the presence of NIH3T3 cells (B, E) or mesenchyme (C, F) induced lumen-containing structures that stain well for DBA, suggesting the presence of ductal structures (arrows). Scale bar indicates 100 Am.
induction of pancreatic endocrine differentiation may occur through other signaling pathways.
Discussion
Pancreatic epithelial -mesenchymal interactions are important for normal pancreatic development and differentiation, and are unique in that the interaction yields both epithelial exocrine cells and non-epithelial endocrine cells. The nature of this unique dichotomous mesenchyme-mediated lineage selection is not understood. Here, we studied the mechanisms of such interactions in vitro. Early reports suggested that mesenchyme may support all aspects of pancreatic development (Levine et al., 1973; Pictet and Rutter, 1972) . Thus, factor(s) present in the mesenchymal milieu could exert an effect either through contact-mediated or diffusible pathways, and we hypothesized that different pathways were responsible for the differential guidance of pancreatic embryonic epithelial precursor cells to become either exocrine or endocrine cells. Here, we have built on our previous studies that epithelium devoid of mesenchyme is unable to grow well and differentiate into acinar cells in vitro (Gittes et al., 1996) . Previously, similar results were observed in vivo where isolated pancreatic epithelium, devoid of mesenchyme and grown under the renal capsule of an adult mouse, developed only into endocrine cells, without apparent exocrine structures (Gittes et al., 1996) . This endocrine-only epithelial growth and differentiation in the absence of its mesenchyme differs from the results reported by Miralles et al. (1998) , who showed that mesenchymedepleted epithelium does result in some exocrine differentiation. In their study, however, a rim of mesenchyme is left on the epithelium as evidenced by vimentin-positive staining (vimentin is used as a mesenchyme-specific marker in developing pancreas cultures). Using vimentin staining in Fig. 8 . Inhibition of amylase expression in laminin-1 antisense-treated pancreas. E11 pancreatic epithelium was co-cultured with 3T3 cells for 7 days, either with (B, D, and F) or without (A, C, and E) antisense morpholinos. The tissues were then stained for amylase (A and B), insulin (C and D), or glucagon (E and F). Laminin-1 antisense blocked appreciable expression of amylase, but had little effect on insulin or glucagon expression. Sense (S) or scramble (data not shown) morpholinos had no effect on expression of any of the pancreatic markers, here stained for amylase. These experiments have been repeated twice, and in each experiment, three epithelia were included under each condition, total n = 6. (V) shows vimentin staining of a 3T3 organoid after antisense treatment. (Q) Quantitative image analysis of the effect of laminin-1 antisense treatment on amylase, glucagon, and insulin expression. (B) was overexposed to confirm the lack of amylase-positive cells. Scale bar indicates 100 Am. Quantitative data are reported as percent of total pancreatic area. Bars indicate standard deviation. our cultures, we confirmed that our epithelium does not contain mesenchyme and, as a result, no exocrine differentiation occurs. In our studies, exocrine differentiation of epithelium could be regained by recombining the epithelium with mesenchyme. However, no exocrine differentiation occurred when mesenchyme was separated from the epithelium by a filter, even when excess mesenchyme was used. Therefore, our results suggest that exocrine differentiation could occur only when mesenchyme is in contact with, or very near to the epithelium. It is possible that, rather than contact/proximity, a very high local concentration of mesenchyme-derived factors (higher than achieved with the 30:1 ratio of mesenchyme/epithelia) is necessary, but such a high concentration may be impossible to achieve in our transfilter culture system.
Nevertheless, the absence of acinar and ductal differentiation in the absence of mesenchyme, and the presence of acinar and ductal differentiation in the presence of mesenchyme, supports a direct role for mesenchyme in exocrine differentiation. Furthermore, we studied the localization of mesenchymal cells with respect to endocrine and exocrine cells. By taking advantage of the slower intermingling of recombined mesenchyme and epithelium (rather than the rapid intermingling that occurs with whole, intact pancreas), we showed that mesenchymal cells tend to be near to exocrine cells, but tend to be at a distance from the endocrine cells. Additionally, by bringing mesenchymal cells into close proximity to all epithelial cells (and thus in a sense maximizing intermingling) through the dispersed single cell culture system, we determined that there was induction of exocrine differentiation and suppression of endocrine differentiation.
Interestingly, an embryonic fibroblast cell line, NIH3T3, could substitute for pancreatic mesenchyme. The exocrineinductive and endocrine-inhibiting effect of mesenchyme on epithelial cells was initially observed by immunocytochemistry in our dispersed cell culture system, but to confirm that mesenchyme prevented endocrine differentiation, we used RT-PCR to show the complete absence of insulin mRNA. Such exclusive non-insulin differentiation of the epithelium has not been previously described in a normal pancreas (not genetically altered), and is consistent with a model in which mesenchymal intermingling and contact with epithelium dictates exocrine instead of endocrine differentiation.
We also showed that in a collagen gel suspension organoid culture, vimentin-positive NIH3T3 cells could be detected in the periphery of the epithelium, similar to the outer mantle of mesenchyme seen in the in vitro embryonic pancreas (recombined epithelium and mesenchyme). Quantitative induction of amylase-positive differentiation by NIH3T3 cells was significantly less than when the epithelium was grown with native mesenchyme, suggesting either that levels of key pro-exocrine factors are lower in the NIH3T3 cells, or that other pro-exocrine co-factors are present in the mesenchyme. Alternatively, the physical approximation or adhesion of a cell line to the epithelium may be less effective with NIH3T3 cells than with a piece of mesenchyme, perhaps due to lack of interaction of specific cell adhesion molecules.
Surprisingly, the number of insulin-positive cells in the epithelium was higher when grown with NIH3T3 cells than when grown with native mesenchyme. This difference may also be explained by a relative lack of intermingling of the NIH3T3 cells compared with mesenchyme, therefore permitting more of the pro-endocrine inductive effects at a distance and less of the contact-induced endocrine suppression.
Based on these data, we propose that there are at least two stages to the inductive effect of mesenchyme on pancreatic epithelium. First, during the early steps of pancreatic development (e.g., days 9.5 -10.5 in mouse), mesenchyme induces the general growth and proliferation of pancreatic epithelium. We have found previously that early embryonic pancreatic epithelium in the absence of mesenchyme does not grow well (Gittes et al., 1996) , and that early embryonic mesenchyme (day 10) induces growth of exocrine differentiation less well than older mesenchyme (days 11-12) . Later, starting around day 10.5 -11 in mice, the mesenchyme begins to dictate exocrine instead of endocrine differentiation of the epithelium, depending on the spatial context of the epithelium and mesenchyme. Miralles et al. (1999a) showed that FGFs, present in the mesenchyme, can induce epithelial branching in vitro. Other candidate factors playing a role in this lineage selection include members of the TGFh super-family (activin (Maldonado et al., 2000b; Ritvos et al., 1995; Shiozaki et al., 1999; Yamaoka et al., 1998) , follistatin (Miralles et al., 1998) , and TGFh1 Lee et al., 1995; Sanvito et al., 1994 Sanvito et al., , 1995 ). Apart from growth factors and morphogens, key mesenchymal transcription factors may play a role in the mesenchymal control of lineage selection. Isl-1, a LIM domain transcription factor, present in pancreatic mesenchyme, is necessary for the induction of exocrine differentiation (and also happens to be necessary for cellautonomous endocrine differentiation). Exocrine differentiation can be rescued in isl-1 null mutant epithelium if the epithelium is recombined with wild-type mesenchyme (Ahlgren et al., 1997) . These results suggest that isl-1 is a necessary transcription factor for the production of proexocrine inductive factors by the mesenchyme. Similarly, pbx1 is a homeodomain-containing transcription factor that is present in the mesenchyme but is necessary for endocrine differentiation (Kim et al., 2002) , and thus may activate genes necessary for the pro-endocrine mesenchymal induction that occurs at a distance.
The ability of NIH3T3 cells to substitute for mesenchyme suggests that the critical factors mediating these effects are not unique to the developing pancreas and may be widely expressed. Laminin-1 is produced by pancreatic mesenchyme and by NIH3T3 cells (Kobayashi et al., 2002b) , and we have shown previously that laminin-1 is necessary for normal pancreatic exocrine differentiation in vitro (Crisera et al., 2000) . Here, we showed that inhibition of laminin-1 expression in our simplified 3T3-epithelium system effectively blocked amylase-positive exocrine differentiation, without affecting endocrine differentiation, implying that laminin-1 may mediate mesenchymal induction of normal pancreatic exocrine differentiation, but regulation of endocrine differentiation may be mediated through other pathway(s). The observation that epithelium cultured in the presence of mesenchyme across a filter failed to induce exocrine expression, but did induce insulin expression, implies that the effect of mesenchyme on endocrine differentiation is probably mediated through soluble factors in a mechanism different from exocrine induction. This interpretation is consistent with the laminin-1 antisense data, where laminin-1 inhibition disrupted exocrine expression, but had no discernable effect on insulin nor glucagon expression.
Overall, the data presented here reflect four critical components to the mesenchyme/NIH3T3-induced effects on the developing pancreatic epithelium. (1) Mesenchyme/ NIH3T3 contact or proximity induces amylase-positive and ductal exocrine differentiation. (2) Mesenchyme/NIH3T3 cells at a distance enhance insulin-positive endocrine differentiation. (3) Contact or proximity suppresses insulinpositive endocrine differentiation. (4) The suppression of insulin differentiation induced by mesenchymal proximity overrides the endocrine-enhancing effect that occurs at a distance.
Finally, the discovery of a substitute for mesenchyme in its pro-exocrine/anti-endocrine effects, in the form of a commercially available cell line (NIH3T3) may facilitate future studies of pancreatic mesenchymal -epithelial interactions.
